Abstract. Every year, a dense smoke haze of regional dimensions covers a large portion of South America originated from fire activities in the Amazon Basin and Central parts of Brazil during the dry/biomass-burning season between August and October. Over a large portion of South America, the average aerosol optical depth at 550 nm exceeds 1.0 during the fire season while the background value during the rainy season is below 0.2. Smoke aerosol particles increase scattering and absorption of the incident solar radiation. The regional-scale aerosol layer reduces the amount of solar energy reaching the surface, cools the 5 near surface air, and increases the diffuse radiation fraction over a large disturbed area of the Amazon rainforest. These factors affect the energy and CO 2 fluxes at the surface. In this work, we applied a fully integrated atmospheric model to assess the impact of smoke aerosols in CO 2 fluxes in the Amazon region during 2010. We address the effects of the attenuation of the solar global radiation and the enhancement of the diffuse solar radiation flux inside the canopy. Our results indicated that the smoke aerosols led to an increase of about 22% of the gross primary productivity of Amazonia, 9% of plant respiration and 10 a decline in soil respiration from of 3%. Consequently, Amazonia net ecosystem exchange during September 2010 dropped from +101 to -104 TgC when the aerosol effects were considered, mainly due to the aerosol diffuse radiation effect. For the 1 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016Discuss., doi:10.5194/acp- -1147Discuss., doi:10.5194/acp- , 2017 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 20 February 2017 c Author(s) 2017. CC-BY 3.0 License. forest biome, our results pointed to a dominance of the diffuse radiation effect on CO 2 fluxes, reaching a balance of 50% -50% between the diffuse and direct aerosol effects for high aerosol loads. For C3 grass type and cerrado, as expected, the contribution of the diffuse radiation effect is much lower, tending to zero with the increase of aerosol load. That is, the Amazon during the dry season, in the presence of high smoke aerosol loads, change from being a source to be a sink of CO 2 to the atmosphere. 
and wet deposition) were applied to all the three tracers, and effective lifetimes were applied to CO and aerosol particles. The modeling of smoke aerosol particles is the focus of the present study, therefore only biomass burning emission sources were considered.
The BRAMS model parameterizations chosen for the simulations performed in this work are described as follows. The parameterization for the unresolved turbulence in the planetary boundary layer (PBL) was based on the Mellor and Yamada 5 (1982) formulation, which predicts turbulent kinetic energy (TKE) . For the microphysics, we used the single-moment bulk microphysics parameterization, which includes cloud water, rain, pristine ice, snow, aggregates, graupel and hail (Walko et al., 1995) . It includes prognostic equations for the mixing ratios of rain and each ice category of total water and the concentration of pristine ice. Water vapor and cloud liquid mixing ratios are diagnosed from the prognostic variables using the saturation mixing ratio with respect to liquid water. The deep and shallow cumulus convection schemes are based on the mass-flux approach and 10 described in Grell and Freitas (2014) .
The radiation scheme is a modified version of the Community Aerosol and Radiation Model for Atmosphere (CARMA, Toon et al., 1988) , which includes the aerosol-radiation interaction with feedback to the model heating rates (Longo et al., 2013 , Rosário et al., 2013 . In addition, we included in CARMA a parameterization to calculate the diffuse fraction of solar irradiance specific for smoke aerosols in Amazonia. This parameterization was based on measurements of broad and narrowband solar 15 global and diffuse irradiance components performed with a Multi-filter Rotating Shadow-band Radiometer (MFRSR -Harrison et al, 1994) . With the narrowband measurements, centered at 415, 670, 870 and 1036 nm, AOD was estimated following the methodology of and Rosário et al. (2008) . The measurements were performed at Reserva Biológica do Jaru, RO (-10.145 • , -61.908 
The values of the fitting parameters a, b, c, and d, of the function in Equation 1 are described in Table 1 . These fittings were achieved after filtering the data for clouds, which can be present even during the dry season, especially during days with low
25
AOD values. When clouds are present, the diffuse fraction of radiation increases significantly with values as high as a very polluted atmosphere. However, as discussed below, the analysis presented here focuses only in areas/hours without cloud cover, i.e. the results were obtained by filtering out the points with cloudiness.
Model configuration and input data sets
BRAMS model simulations were conducted for a domain covering the northern part of South America (southwest corner: 18 This study aims to analyze the effect of these changes on the atmospheric environment, radiation budget, and forest productivity in this important region.
The NCEP Global Forecast System analysis (http://rda.ucar.edu/datasets/ds083.2/), with 6-hourly time resolution and 1
• × 1
• spatial resolution, provided initial and boundary conditions for the time integration of the meteorological fields. Sea surface temperature (SST) was taken from NOAA Optimum Interpolation (OI) SST product, version 2, with 1
tial resolution (available at http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html, Reynolds et al., 2002) . Soil moisture was initialized with the soil moisture estimation operational product developed by Gevaerd and Freitas (2006) and available at CPTEC/INPE, and the soil temperature was initialized assuming a vertically homogeneous field defined by the air temperature closest to the surface from the initial atmospheric data. The carbon data assimilation system, Carbon Tracker 2015, (Krol et al., 2005; Peters et al., 2007) , with 3
• × 2
• spatial resolution and 34 vertical levels, (available at
http://www.esrl.noaa.gov/gmd/ccgg/carbontracker/), provided CO 2 initial and boundary conditions. Initial and boundary conditions for carbon monoxide (CO) were based on optimized fluxes, with 1
• spatial resolution, as calculated by the 4D-var system using the Infrared Atmospheric Sounding Interferometer (IASI) data taken onboard the Eumetsat Polar System (EPS)
Metop-A Satellite (Krol et al., 2013) .
Biomass burning emissions of trace gases and aerosols were provided by the Brazilian Biomass Burning Emission Model
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(3BEM, Longo et al., 2010) . The 3BEM emissions are based on a database of fire pixel counts and burned area derived from the combination of remote-sensing fire products from Geostationary Operational Environmental Satellite-Wildfire Automated Biomass Burning Algorithm (GOES WF-ABBA product; Prins et al., 1998) , the Brazilian National Institute for Space Research (INPE) fire product, which is based on the Advanced Very High Resolution Radiometer (AVHRR) aboard the NOAA polar orbiting satellites series (Setzer and Pereira, 1991) , and the Moderate Resolution Imaging Spectroradiometer (MODIS) fire 25 product (Giglio et al., 2003) . Fire emissions were split into smoldering and flaming emission contributions, releasing trace gases and aerosol particles in the lowest model layer and in the injection layer, respectively, as determined by the in-line plume rise model (Freitas et al., 2007 (Freitas et al., , 2010 .
The land use dataset from the United States Geological Survey (USGS) at 1-km resolution was merged with a land cover map for the Brazilian legal Amazon region (PROVEG) (Sestini et al., 2003) . PROVEG is based on the Landsat Thematic Mapper Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -1147 Discuss., doi:10.5194/acp- , 2017 Manuscript under review for journal Atmos. Chem. Phys. Figure 2 .
The model simulations were initialized on 15 August 2010 00:00 UTC and conducted for 45 days, with the analysis of model results restricted to the month of September only to avoid model spin-up artifacts.
A set of three experiments was performed. In the first one (hereafter named NO-AER), the aerosol-radiation interaction was 5 neglected. The direct aerosol effect was taken into account in both the second (hereafter named DIR-AER) and third (hereafter named DIR+DIF) experiments, but only in the latter one the diffuse fraction of radiation was passed to JULES, otherwise it was set zero. Additionally, a long-term model run (2 years, from January 2010 to December 2011) was carried out only for the DIR+DIF model configuration.
Method of analysis of the model results
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The carbon fluxes from the three model simulations should allow assessing the aerosol effect on CO 2 uptake in Amazonia and the relative role of surface temperature due to aerosol direct effect and the increase in the diffuse fraction of PAR due to aerosol scattering. The CO 2 fluxes from the model was analyzed as the variation related to the total aerosol effect (both on diffuse radiation and direct radiation):
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Only with the direct radiation aerosol effect:
And, only with the diffuse radiation aerosol effect:
We examined the spatial distribution and diurnal cycles of CO 2 fluxes, related to several surface/atmosphere interaction 20 processes: The Gross Primary Production (GP P ) is the total carbon uptake in the process of photosynthesis by plants, especially leaves, in an ecosystem over a land area. As so, GP P is essentially a response to the amount of photosynthetically active radiation portion of solar energy reaching the plants. In addition, we also looked at the CO 2 fluxes associated with plant respiration (R P ), soil heterotrophic respiration ( R P ,), and the net ecosystem exchange (N EE = R P + R H − GP P ), which is a measurement of the quantity of carbon entering and leaving the ecosystem (positive when the ecosystem is a CO 2 sink, and 25 negative when is a CO 2 source). The spatial distributions of CO 2 fluxes are presented as monthly mean in µmolC m As each biome has its own characteristics and responds differently to changes occurring on the surface and in the atmosphere, we first examined how each biome responds to the presence of smoke aerosol, both in terms of total irradiance attenuation near surface and increase of the diffuse fraction of PAR. We also evaluated the relative contribution of the diffuse to the total (diffuse + direct) aerosol effect on the CO 2 fluxes for each the biome type. The contribution of the direct and diffuse radiation effect to CO 2 fluxes were, respectively, defined as:
where ∆F lux tot , ∆F lux dir and ∆F lux dif f , follow the definitions in Eq. 2, 3, and 4, respectively. After assessing the specific behavior of each biome, model results for CO 2 and energy fluxes from each biome were then averaged, weighting by 10 the biome fraction of each grid, to address the heterogeneity of the Amazon region in terms of land cover and local climates.
Data sets for model evaluation
The model results for precipitation and near-surface temperature were contrasted with direct observations and products derived from satellite observations. The smoke aerosol spatial distribution from the model was validated with remote sensing products. Additionally, model performance on simulating CO and CO 2 mixing ratios was assessed using measurements of carbon 15 monoxide (CO) and CO 2 concentration in air samples collected over the Amazon during 2010 and 2011. Biomass burning mainly releases water vapor and CO 2 to the atmosphere but is also a major source of other tracers, such as CO, volatile organic compounds, nitrogen oxides, and organic halogen compounds (Andreae and Merlet, 2001 ). An enhancement of CO has been historically observed in Amazonia during the dry season, which is mostly attributed to fire emissions because volatile organic compounds (VOC) oxidation has very little seasonality over there (Holloway et al., 2000; Duncan and Logan, 2008, Andreae 20 et al., 2012) . Therefore, the evaluation of CO mixing ratio from the model against observation provides an assessment of model skills to simulate fire emission, its transport, and removal. We also looked into fire activity and used the soil moisture, and meteorological variables from the model as indicators of spatial scale of locations where fires were more likely to occur.
The datasets used for model evaluation are described below. Figure 3 .a.
Fire activity: We checked the coherence of soil moisture results from the model with the fire product from Advanced Very High Resolution Radiometer (AVHRR) onboard the NOAA polar orbiting satellites series. The fire detection used is based on the AVHRR retrieval algorithm from the Brazilian National Institute for Space Research (www.cptec.inpe.br/queimadas).
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Smoke CO and CO 2 : Model performance on simulating CO and CO 2 mixing ratios was assessed using measurements of carbon monoxide (CO) and CO 2 concentration in air samples collected over the Amazon during 2010 and 2011. The air samples were collected with portable sampling systems consisting of separate compressor and flask units (Tans et al., 1996) onboard a Cessna 206 aircraft in descending spirals from 4,300 to 300 m over four Amazon locations indicated in Figure   15 2: Santarém, PA (2.43
• S, 54.72 Gatti et al. (2010) .
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We also used CO 2 measurements in the Tapajós National Forest near km 67 (02.85
• S, 55.04
highway, just south of Santarém, for model evaluation. The Tapajós measurements are based on eddy covariance methods, using the profile mixing ratio data to estimate the change in vertical average mixing ratio between the ground and flux measurement height to calculate the column average storage of CO 2 (Saleska et al., 2003) . CO 2 mixing ratio was measured at 8 levels along the tower (62.2, 50, 39.4, 28.7, 19.6, 10.4, and 0.91 m) . Sample air was drawn and analyzed with an infrared Smoke regional plume, CO and CO 2 mixing ratios: Model results for CO mixing ratio as simulated by the experiment named DIR+DIF, which it is expected to be the most realistic simulation, were compared with CO measurements made with burning affected values are more scattered. Model results tend to underestimate observation, especially in lower levels, in the locations mainly affected by fire emissions both locally (Alta Floresta, Rio Branco and Santarém) and by long range transport (Tabatinga). This pattern is probably related both to the 20-km model resolution not picking up individual smoke plumes and fire emissions underestimation (Pereira et al., 2016) . Previous studies indicated that biomass burning emissions contribute more than 95% to the variability of CO over the Amazon and that the emissions used in this study (3BEM, Longo et al., 2010) are about 20% underestimated (Andreae et al., 2012) .
On the other hand, the airborne vertical profiles analyzed in this study and our modeling results indicated a lesser enhancement of CO 2 related to fire activity compared to CO. These results are in agreement with previous measurements of fire smoke plumes that showed relatively small enhancements of CO 2 relative to the background in Amazonia and indicated that fire 5 emissions were not expected to contribute only minorly to CO 2 mixing ratios in Amazonia (Andreae et al., 2012) . Figure 7 (bottom -left) shows the observed -airborne air sampling at around 2 km above ground level -and simulated time series of atmosphere and the considerable challenge of modeling them properly. The low-level behavior is likely to be associated with local convective processes but could also have a minor contribution from fresh smoke plumes, both venting CO 2 and changing locally the diffuse fraction of solar radiation. In addition, the model struggling to simulate CO 2 fluxes could also be related to inaccuracies and low spatial resolution of the soil carbon map (Large Scale Biosphere-Atmosphere Experiment in Amazonia; Batjes, 1996) . Sensitivity studies (not shown here) indicate that in JULES model soil respiration, and consequently N EE, are 20 quite sensitive to the prescribed soil carbon content. By contrast, the model tends to better represent the upper levels in terms of observed CO 2 , which is due to the fact that air circulation is more intense and mainly controlled by the Carbon Tracker boundary conditions, and fire emissions contribution becomes even less significant.
Smoke regional plume -AOD: In Figure 8 , we show the mean regional smoke plume for September 2010 through the Site level -plant atmosphere CO 2 exchange: Figure 9 .a shows the mean diurnal cycle of CO 2 mixing ratio in the first model layer of the three experiments together with the mean diurnal cycle of CO 2 mixing ratio just above the canopy of the Tapajós forest (near Santarém, location indicated in Figure 2 ) from measurements during September 2010. In Tapajós, both observation and model results present a nighttime increase of CO 2 due to plant respiration, peaking shortly after sunrise, and including aerosol effects (NO-AER) and with the inclusion of the direct aerosol effect only (DIR-AER) produce a very similar CO 2 diurnal cycle. However, the inclusion of the diffuse radiation effects due to biomass burning aerosols reduces the values of CO 2 mixing ratio and brings model results much closer to observation, especially during the day, even though the mean AOD modeled in Tapajós was very low compared to the area mostly affected by smoke and even underestimated by the model.
Considering the whole LBAR area, which includes the region with the highest aerosol load, the inclusion of the aerosol effect 15 on CO 2 , especially the effect of the diffuse radiation, reduced the CO 2 mixing ratio of about 10 ppmv in the CO 2 mixing ratio all day long (Figure 9 .b). Additionally, in the LBAR the inclusion of the aerosol effects, delays the CO 2 diurnal cycle onset in the model results, with the CO 2 mixing ratio peaking about 1 hour later. Therefore, the shift of the diurnal cycle of CO 2 mixing ratio from the model relative to the observation in Tapajós is likely to be related to the AOD underestimation.
In the next section, we will present the model results for energy and carbon fluxes and explore the role played by the smoke 20 aerosol in the carbon cycle in Amazonia.
Impacts of smoke aerosol on energy and carbon fluxes
Incoming Radiation: The modeled mean downwelling shortwave irradiance at surface (RSHORT) at 1600 UTC during September 2010 from DIR-AER experiment ranged from 900 Wm Figure 10 .c). The noise in the north-western region for both RSHORT and temperature differences within the two simulations is related to expected nonlinear aerosol perturbations on cloud distribution. These results are consistent with previous modeling studies (Rosário et al., 2013) and with estimations based on AERONET measurements . Columns b and c of Figure 13 show the relative impact of aerosol effects on modeled GP P for the 4 biome types (forest, C3G, C4G and shrub, from line 1 to 4, respectively) considering the changes both on direct and diffuse radiation -in column b, and only on direct solar radiation -in column c.
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In Figure 14 .a, one can note that the mean solar irradiance that reaches the Amazon region during September promotes a high GP P for the C4 plants, but not high enough to compromise their photosynthesis process. Thus, typically, the GP P of the C4 type plants are highly correlated with the amount of irradiance received, therefore their GP P resembles the same diurnal cycle shape of the irradiance. By contrast, the other vegetation types suffer, in a less or more extent, a decrease in the carbon assimilation during the period of maximum irradiance, therefore reshaping their GP P diurnal cycle. Still in Figure   25 14.a, the net increase in GP P due to smoke aerosol over forest (∆GP P tot , difference between the curves in red and green filled squares) is 3.8 µmolC m (∆GP P dir ), which is associated with the cooling of the leaves. Over cerrado areas, the increase on GP P was up to 0.9 and 0.1 µmolC m
due to the aerosol effect on the diffuse fraction radiation (∆GP P dif f ), and the 30 direct radiation (∆GP P dir ), respectively, with the aerosol direct radiative effect much lower than the diffuse radiation effect because the GP P of the cerrado is also severely limited by the excess of irradiance. In the case of the C4 grass type, which was not limited by irradiance, the direct radiative aerosol effect induced a reduction of the GP P (-0.7 µmolC m
), but the increase of the diffuse fraction of radiation more than compensate the reduction of GP P due the irradiance attenuation of the direct effect, and, when including both direct and diffuse radiation effects, the GP P jumps from 43 µmolC m . Table 2 resumes the integrated values of GP P for each biome in the LBAR during September 2010, as well as the variation related to the total aerosol effect (both on diffuse radiation and direct radiation, ∆GP P tot ), and only with the direct aerosol effect (∆GP P dir ). According to the model results, the net GP P of the forest biome in the LBAR was of 1,206
Tg C during September 2010. The presence of smoke aerosol was responsible for an increase of about 24% of the GP P over the forest, mainly associated with the impact of the aerosol on the diffuse radiation. For the cerrado and C3 grass, the net GP P 5 were 359 and 850 Tg C in the same region, during the same period, with the smoke aerosol acting to increase the GP P of about 16% and 23%, respectively. Rap et al. (2015) using JULES model forced with aerosol fields from another model, estimated an annual increase of the net primary production (N P P ) ranging between 1.4 and 2.8% related to the aerosol effect in Amazonia.
Translating our results to (N P P = GP P − R P ), we estimate an increase of 13% for September 2010, 22% related to GP P minus 9% with Rp. Now, considering that the biomass burning season, when the smoke AOD rises above the background 10 values, typically last for about 3 months, we estimate an annual increase of the N P P of about 3.25% related to the aerosol effect. Our results for the aerosol impact on N P P over the Amazonia is slightly higher than the Rap et al. (2015) estimation.
However, one must keep in mind that Rap et al. estimation was based on 9 years (1998 -2007), while our work was based only on 2010, which was a relatively drier and smokier year. We could say then that the two estimations are comparable and within the annual variability of fire activity. For the C4 grass, the net GP P of 2,431 Tg C increased by only 9% due total aerosol effect,
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as the direct aerosol effect acted on the contrary reducing the GP P . The diurnal cycle of plant respiration for each biome is shown in Figure 14 .b for the three model runs. As expected, the higher GP P leads to higher plant respiration. Plant respiration peaks 7.5, 2, 4.6, and 14 µmolC m for forest during the dry season. So, the forest uptake estimation based on our modeling results is approximately 30% lower than the estimations based on Grace et al. (1995) measurements. However,
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several measurements in the Amazon indicated both high yearly and regional variabilities around the Amazon Basin due to several factors, which includes hydric stress, aerosol loads, topography, differences in soil carbon and forest physiology. Also, previous studies also indicated that there are high uncertainties in the magnitude of nocturnal N EE measurements during calm nighttime (Araujo et al., 2002; Araujo et al., 2010) . In Table 3 we collected from the literature some estimations of N EE (daily total, nighttime and daytime peak), based on CO 2 fluxes measurements in different sites in Amazonia during the dry season
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -1147 Discuss., doi:10.5194/acp- , 2017 Manuscript under review for journal Atmos. Chem. Phys. in different years. For the same sites, we also presented in Table 3 , the N EE from DIR+DIF experiment for September 2010.
As example, measurements taken at the Jaru reserve (same site used by Grace et al., 1995) and at a grass-plot (Fazenda Nossa Senhora -FNS, at 10 in Figure 15 indicate that, for a given biome and amount of PAR, higher fraction of the diffuse radiation implies higher GP P .
However, the cerrado (shrub) biome is an exception since it saturates with relatively lower values of PAR.
The mean spatial distribution of the relative impact of aerosol effects on modeled fluxes at 1600 UTC is shown in Figure 16 considering the changes both on direct and diffuse radiation, and only on direct solar radiation. In the LBAR region, where there is predominance of the forest biome but not only, there is an increase of GP P (Figure 16 .b.1) ranging from 0.1 to 5.0
, related to the aerosol effect, the lower values being associated with lower AOD values (Figure 8 ) and drier soil ( Figure 5 ). In the remaining regions, the aerosol impact on GP P is still positive but much lower (0.1 -0.5 µmolC m
).
In all domain, the majority of the aerosol impact is related to the increase in the diffuse fraction of solar radiation due to the presence of aerosols (%GP P dif f > 95%). As a general rule, our model results indicated that the increase of GP P leads to an increase ranging between 0.2 to 1.6 µmolC m , with the lower values found in the forest region with intense/persistent smoke, mainly 15 related to the diffuse radiation effect, meaning that the smoke aerosol effect creates a CO 2 sink in Amazonia.
Total carbon fluxes in the Amazonia, weighting for the vegetation types: Figure 17 depicts the monthly mean diurnal cycle of the CO 2 fluxes in the LBAR for September 2010, again related to GP P , R P , R H , and N EE, averaged over the 4 types of vegetation present in each atmospheric model grid box. The presence of the smoke aerosol affects the CO 2 flux 20 associated with GP P , and consequently Rp. Responding to the increasing diffuse radiation, both GP P and R P rise, being the GP P enhancement about 4 times higher than the R P . On contrast, RS has an opposite response as the presence of aerosol implies in a cooler soil ( Figure 10 ) and, consequently, lower bacterial activity. The net effect is a higher CO 2 daytime uptake, with a negligible night-time variation. Moreover, the smoke aerosol strongly impacts the N EE (Figure 17 .b). Around noon, the N EE decreases from -7 to -10 µmolC m
in the presence of smoke, mainly due to the diffuse radiation effect. Nev-25 ertheless, it is interesting to notice that the relative contribution of the diffuse to the total (diffuse + direct) aerosol effect on the N EE (Equation 4) has a quite distinct behavior depending on the biome type and exponentially decay, or increase, with the AOD increase for all biomes, and C4 grass type, respectively. The contribution of the diffuse radiation effect to N EE (N EE %dif f calculated according to Equation 6) is depicted in Figure 18 . The fitting functions for the N EE %dif f versus AOD for each biome are on the plot. Over forest, the percentage of the diffuse radiation effect on CO 2 uptake decreases ex-
= 0.7) from 100% to 50% with the increase of aerosol loading, reaching a balance of 50% -50% between the diffuse and direct effect, narrowing the spreading, with AOD above 0.5. For C3 grass type and cerrado, as expected, the contribution of the diffuse radiation effects tends to near zero with the increase of AOD
. While for C4 grass type, the contribution of the diffuse radiation to N EE of the diffuse fraction to N EE, it is fair to say that the contribution of the diffuse radiation effect on CO 2 uptake can reach 40% over the forest, and 10% over cerrado and C3 grass type, for high aerosol loads.
The model results for the CO 2 fluxes integrated for the month of September (2010), which is the peak of the burning season in the LBAR, are summarized in Table 4 . The GP P in the LBAR is 1,113 Tg C, with the aerosol being responsible for an increase 5 of 240 Tg C, with less than 1% due to the aerosol radiation direct effect. The plant respiration is affected by approximately 50
Tg C, related only to the increase of the diffuse fraction of radiation. The impact of the aerosol on the soil respiration is only 3% but in the opposite direction. Integrating throughout the full month for September 2010, the N EE changed from +101 Tg C to -104 Tg C, when the aerosol effect is considered. The total aerosol effect on radiation was responsible for about 96% of the N EE change, while the temperature reduction due to the direct aerosol effect on radiation accounts for only 5%. That 10 is, the aerosol effect, especially the change in the diffuse fraction of radiation, is strong enough to invert the signal of N EE, changing the ecosystem from being a source to a sink of CO 2 . The difference between modeling and observational estimation for N EE is likely to be within the yearly, and spatial variability of forest ecosystem physiology, which also includes disturbed areas and secondary forest.
Final remarks
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We conducted a modeling study during the peak of the burning season in Amazonia to assess the ability of a current state-of-theart integrated in-line numerical atmospheric modeling system to simulate the CO 2 fluxes in Amazonia. A set of three different modeling experiments, first totally disregarding biomass burning aerosol effect, then considering only the direct aerosol effect, and, finally, also adding the aerosol effect on the diffuse fraction of radiation. The model results allowed us to assess and quantify the impacts of smoke aerosols on CO 2 fluxes in the Amazon Basin during the dry season. Moreover, the relative role 20 of the main soil/vegetation and atmosphere interaction processes controlling the carbon cycle in Amazonia was weighed and the aerosol effect on each of them was measured separately.
Consistently with previous studies (Freitas et al., 2005 (Freitas et al., , 2009 (Freitas et al., , and 2016 Longo et al., 2010 Longo et al., , 2013 Rosário et al., 2013; Moreira et al., 2013) , BRAMS performed well while modeling the meteorology and smoke aerosol emission, transport and removal processes in Amazonia, which has resulted in fairly simulation of the major features of AOD variability associated with the 25 regional smoke plume over South America. The model results for surface temperature, rainfall and AOD were once again in agreement with observations for the 2010 dry season case study, representing the main characteristics of the spatial distribution and the diurnal cycle of temperature and precipitation. BRAMS was also evaluated on its performance to simulate CO and CO 2 mixing ratios using results acquired from measurements on samples airborne collected over the Amazon during 2010
and 2011 burning seasons. Typically, the model tends to slightly underestimate the CO mixing ratio, particularly in the lower 30 levels, in regions affected by fresh smoke and haze smoke layers. Previous studies had already indicated an underestimation of the biomass burning emissions database used in this work (3BEM, Longo et al., 2010) of about 20% (Andreae et al., 2012) , mainly related to fire omission and misrepresentation of the vegetation and carbon maps used (Pereira et al., 2016) . For CO 2
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -1147 Discuss., doi:10.5194/acp- , 2017 Manuscript under review for journal Atmos. Chem. Phys. an equatorial region, Amazonia abundantly receives PAR radiation, then areas with plenty water availability in the soil have higher GP P compared to dry soil areas. However, around noon local time, when the energy excess typically occurs, there is a drop in carbon assimilation for all biomes, except for the C4 grass type that has a maximum assimilation coinciding with the peak of PAR radiation.
The presence of an intense smoke aerosol layer during the dry season over the Amazonia reduces the solar energy reaching 15 the surface, and consequently reducing near surface temperature. The model results show this cooling effect contributing to increasing the GP P in regions covered by forest, grass C3 and cerrado. However, in addition to reducing the surface energy, the aerosol layer also increases the diffuse fraction of radiation, and this is the major effect that contributes to increasing the GP P , and, in this case, including the C4 grass type biome. These two effects all together, increase the GP P of about 25%, 22%, 8% and 16% for forest, C3, and C4 type grasses, and cerrado, respectively.
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In the LBAR, the GP P increased about 22%, reaching 1,113 TgC during September 2010, when the aerosol effect was included. The plant respiration also increased from 510 to 560 TgC, with the smoke aerosol effect as a response to the increase of GP P . The more CO 2 the plant assimilates to produce sugar, more it needs to increase its respiration for energy supply. On the other side, soil respiration dropped from 463 to 449 Tg C. Consequently, the N EE in the LBAR during September 2010
dropped from +101 to -104 TgC when the aerosol effects were considered, mainly due to the diffuse radiation effect. That is,
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the LBAR during the dry season, in the presence of high smoke aerosol loads, change from being a source to be a sink of CO 2 to the atmosphere.
These results are also consistent with Yamasoe et al. (2006) observations, who had found no correlation between N EE and aerosol load for low AOD values (< 0.7); however, for AOD > 0.7 N EE values became negative, and for AOD > 1.5-2 N EE started to increase again. Our model results also indicated that the impact of the aerosol on the N EE change is mainly related 30 to the aerosol increasing the diffuse fraction of radiation.
For AOD higher than 0.5, the forest reaches a balance of 50% -50% between the diffuse and direct aerosol effects. For C3 grass type and cerrado, as expected, the contribution of the diffuse radiation effect is much lower than for the forest biome and tends to near zero with the increase of AOD. Direct measurements at the Tapajós site (Doughty et al., 2010) led to an estimation of the relative aerosol contribution in CO 2 uptake, for high values of AOD, of 80% as a result of increased shaded light in the
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Considering that the fire activity in Amazonia typically last for about 4 months, from June to October, we can estimate that, Our model results lead us to highly emphasize the importance of considering the effects of aerosol in numerical models of climate forecasting, especially when investigating the intensification of the greenhouse effect due to the atmospheric CO 2 concentration. In general, the numerical results obtained were in a solid agreement with observational data, including meteorological, aerosol and trace gases variables, which gives us a high degree of confidence in the estimates of the carbon 15 fluxes. However, we do recognize that further model development based on current level of knowledge could still improve the representation of biomass burning aerosol effects in the carbon cycle. As such, model studies that include the reduction of photosynthesis due to the oxidation of plant leaves by high levels of ozone secondarily produced in biomass burning plumes, as well as the indirect aerosol effect on the CO 2 are undergoing. As well, we will soon report the inclusion of the cloud effect on the increasing of the diffuse fraction of solar radiation in the model, which is certainly a major effect on the CO 2 budget in
20
Amazonia during the wet season. 
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